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Introduction
The U.S. Geological Survey (USGS), in cooperation with the Alaska Department of Transportation and Public Facilities (ADOT&PF), began studying the susceptibility of Alaskan bridges to streambed scour in 1994. A multiphase approach was applied to bridges selected by ADOT&PF as potentially susceptible to scour. Heinrichs and others (2001) documented results from the initial phase of this project, referred to hereafter as Phase 1 analysis. Phase 1.5 and Phase 2 analyses were completed in 2002.
Phase 1 evaluated streambed scour for the 100-and 500-year recurrence-interval floods at 325 of Alaska's approximately 800 bridges (Heinrichs and others, 2001) . In this initial analysis, the step-backwater water-surface profile (WSPRO) model (Shearman, 1990 ) was used to construct hydraulic models of 100-and 500-year discharges using channel geometry determined from existing bridge plans and either assumed or, when available, measured hydraulic properties. Hydraulic variables computed by these models were used to calculate contraction and pier scour using federally recommended techniques and equations. From these initial results, ADOT&PF selected 54 sites ( fig. 1 , table 1) for further evaluation consisting of detailed field surveys and new hydraulic models and scour analyses. The addition of field data allowed for an updated evaluation of scour and documented changes in channel geometry since the bridge plans were surveyed.
Sites from the Phase 1 analysis were selected for either Phase 1.5-or Phase 2-level analysis. These two levels of investigation are distinguished by the quantity of field data collected; the Phase 1.5 analysis was the less intensive. Division into these groups was based on the magnitude of existing scour, scour depths calculated for the Phase 1 analysis, and data that were available for the Phase 1 analysis. No sites were evaluated at all three levels of analysis. Table 1 .
Bridges in Alaska from the Phase 1 streambed scour analysis selected for further analysis, and the 100-and 500-year recurrence-interval flood discharges and depths of scour estimated in the Phase 1 analysis [Data from Heinrichs and others (2001 
Background
Streambed scour is the leading cause of bridge failure in the United States (Murillo, 1987) . The costs associated with restoring damaged structures are substantial, but are less than five times the indirect costs associated with the disruption of traffic (Rhodes and Trent, 1999) . These costs and the societal repercussions are even greater in Alaska, where alternate ground transportation routes between many cities do not exist. Bridge and culvert damage associated with the effects of flow hydraulics occurs several times in Alaska every year. Quantifying the susceptibility of these structures to streambed scour helps to prioritize mitigation, monitoring, and redesign efforts.
Streambed scour at bridges results from the complex hydraulic conditions created either by the contraction of flow through a bridge or by the interaction of flow with bridge piers and abutments that results in the hydraulic erosion of the channel bed or banks. Streambed scour at bridges is separated into general scour, contraction scour, and local scour. General scour is the natural channel degradation and lateral erosion that occur regardless of the bridge structure. Contraction scour results from the decrease in channel width through a bridge reach and the attendant increase in flow velocity and sediment transport capability. Local scour at piers results from horseshoe vortices that form at the upstream, downstream, and sides of piers. Literature on streambed scour is copious; Richardson and Lagasse (1999) have edited a compendium on the subject that provides a thorough overview of historical and current research.
Purpose and Scope
The USGS developed a multiphase approach for the analysis of streambed scour at Alaska's bridges. ADOT&PF used the data from Phase 1 to identify scour-susceptible structures for further analysis. This report presents Phase 1.5 and Phase 2 estimations of contraction and pier scour derived from hydraulic modeling of 100-and 500-year floods at bridges identified as scour critical. The hydraulic models were constructed from existing data and field data collected for this study. The methodologies for data collection, model generation, and scour estimates are described and evaluated. 
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Methodology and results from this study are compared with those of the preliminary Phase 1 analysis of Heinrichs and others (2001) , which did not include the collection of field data and used less intensive hydraulic modeling software.
Methodology
The Phase 1.5 and Phase 2 analyses built upon existing information by providing current field data. These data were used to construct and calibrate a one-dimensional surfacewater model capable of computing water-surface elevations and hydraulic variables necessary to estimate scour at bridges. The models were used to estimate scour for 100-and 500-year floods using techniques outlined by the Federal Highway Administration's Hydraulic Engineering Circular No. 18, hereafter referred to as HEC-18 (Richardson and Davis, 2001) . Hydraulic variables needed to calculate scour were computed with the Hydrologic Engineering Center River Analysis System (HEC-RAS; Brunner, 2001) , which is a onedimensional surface-water modeling program.
Existing data for the sites in this study consisted of the Phase 1 analysis and the bridge as-built plans that are provided by ADOT&PF. The as-built plans generally include a detailed topographic map of the channel near the bridge at the time of construction. Other possible sources of existing data include discharge measurements, streamflow-gaging station records, indirect computations of discharge, or ADOT&PF bridge inspections. The discharges for the 100-and 500-year floods for each river crossing in this study (table 1) were estimated by Heinrichs and others (2001) using standard flood-frequency analyses (Interagency Advisory Committee on Water Data, 1982) and regional regression equations as outlined by Jones and Fahl (1994) .
Site Selection
The results from the Phase 1 analysis were used to select sites for more intensive study. A site was selected for further study if it met any of the following criteria.
• Phase 1 estimates of contraction scour were greater than 5 ft.
• Phase 1 estimates of local scour at piers were greater than 10 ft.
• The water-surface profile calculated during Phase 1 intersected the bridge at the 100-and(or) 500-year discharge (pressure flow).
• Bridge as-built plans or discharge measurements indicate high channel-flow angles of attack at the bridge piers.
• Piers are set on shallow or exposed footings.
• Bridge inspections reported scour.
• Channel data available from bridge as-built plans were insufficient for accurate Phase 1 scour analysis.
Sites were selected for study at the Phase 1.5 level if it met any of the following criteria.
• They lacked detailed bridge plans,
• Slope could not be accurately estimated,
• Channel-flow angle of attack determined from bridge plans was significant and needed verification.
• Phase 1 hydraulic modeling indicated pressure-flow conditions.
Thirty-five bridges were selected for Phase 1.5 analysis (table 1). Bridges with large calculated scour depths from the Phase 1 study or those with known potential for significant scour during extreme floods were selected for Phase 2 analysis. Nineteen bridges were selected for Phase 2 analysis (table 1).
Phase 1.5 Data Collection and Model Parameters
Standard field data collected for a Phase 1.5 analysis were a discharge measurement, bridge sounding, water-surface slope, site sketch, and photographs. Data collection was abbreviated at sites that had recent bridge as-built plans, bridge inspections, or discharge measurements. Discharge was not measured at some locations because the discharge at the time of the site visit was insufficient to calibrate a hydraulic model. At a minimum, the channel-flow angle of attack was field verified and the channel slope was measured.
Hydraulic models were constructed using a combination of field data and the bridge as-built plans. Bridge soundings or discharge-measurement data, in combination with geometry from the bridge as-built plans, were used to construct cross sections immediately upstream and downstream of the bridge. Channel-geometry data from the cross section at the bridge also were integrated with overbank data from the bridge as-built plans or the field survey to construct a full-valley cross section. This section was copied two times upstream and two times downstream of the bridge using a surveyed water-surface slope to adjust cross-section elevations used to construct the model. Cross sections typically were separated by a distance of one bridge opening. This spacing usually was sufficient to span the difference over which contraction and expansion of flow occurred in response to the bridge structure. At locations where the channel constricts through the bridge, the sounding or discharge-measurement data were expanded laterally to integrate with the approach and exit overbank data.
The Phase 1 study assumed Manning's roughness values of 0.035 and 0.10 for the channel and overbanks, respectively, unless other data sources were available. These default values are a good approximation for Alaskan streams and were retained for Phase 1.5 locations unless a discharge measurement and surface-water slope were available. Slope and discharge-measurement data and the Manning equation can be used to calculate a roughness coefficient for the channel. When photographs were available, overbank roughness values were estimated using techniques outlined by Hicks and Mason (1991) .
Phase 2 Data Collection and Model Parameters
The comprehensive field survey for Phase 2 sites included surveying channel cross sections at the bridge, in the approach to the bridge, and the exit from the bridge. Channel data obtained by boat or wading were integrated with bank and overbank data to complete each cross section. The number of surveyed cross sections varied, but a minimum of three was obtained at each bridge. Ideally, cross sections were separated by a distance equivalent to the bridge opening width, but this distance can vary depending on field conditions. When surveyed cross sections were insufficient to construct the hydraulic model, the field data were copied using the surveyed water-surface slope in the approach and exit sections as needed. All surveys were tied to the vertical datum from the bridge as-built plans.
In addition to surveying cross sections, data collection for Phase 2 included measuring discharge and surveying the corresponding water-surface slope, observing site geomorphology, channel-flow angle of attack at the piers, current scour conditions, and initial estimation of roughness coefficients for the channel and overbanks, and describing streambed material.
Roughness coefficients for the Phase 2 sites were calculated using the same procedures that were used for the Phase 1.5 sites. Roughness values were further calibrated with HEC-RAS.
Boundary Conditions and Computation of Water-Surface Profiles
HEC-RAS was used to calculate water-surface profiles for the Phase 1.5 and Phase 2 analyses. HEC-RAS is based on the solution of the one-dimensional energy equation and is capable of modeling flow regimes that are subcritical, supercritical, and a combination of the two (mixed flow regime). Energy losses are evaluated with roughness coefficients and contraction and expansion coefficients. The momentum equation is used in place of the energy equation where the flow varies greatly, including hydraulic jumps, bridge constrictions, pressure flow, and locations where flow transitions between subcritical and supercritical. Hydraulic variables used to construct the models are summarized in table 4 (at back of report).
Water-surface profiles were calculated for the 100-and 500-year floods and for calibration discharges. The calibration discharge was either a discharge measurement made during the field visit for the Phase 1.5 or Phase 2 analysis or an existing high-flow direct or indirect discharge measurement. The stepbackwater models for the Phase 1.5 and Phase 2 analyses were identical with the exception of the calibration process.
The Phase 1.5 and Phase 2 models were constructed and calibrated using the following procedure.
1. Entered cross-section geometry and defined overbanks on the basis of field observations or slope breaks. Model geometry also includes deck, abutment, and pier elevations and dimensions that were obtained from existing bridge as-built plans.
2. Assigned computed or estimated roughness coefficients to each cross section as a composite value or separately for the channel and overbanks.
3. Defined boundary conditions. Boundary conditions were set at the downstream cross section for subcritical flow regime and at the downstream and upstream cross sections for the mixed flow regime. Water-surface slope was used for the normal-depth boundary condition for the Phase 1.5 models. If the slope was not available, either a friction slope was calculated from a discharge measurement or a slope from a topographic map was used. For Phase 2 models, the surveyed water-surface elevation at the downstream cross section was used as a boundary condition for the calibration discharge.
4. Calculated initial water-surface profiles and calibrated the model to measured values. For Phase 1.5 models, the average velocity, flow area, and flow width of the calibration discharge were compared with the measured values. Channel-roughness coefficients were adjusted until agreement was reached between modeled and measured values. Phase 2 models were calibrated by adjusting roughness coefficients at each cross section until the modeled water-surface elevation for the calibration discharge matched the surveyed watersurface elevation at each cross section. After roughness coefficients for the channel were calibrated and the model was rerun, the energy-gradient slope at the downstream cross section was calculated and used as the normal-depth boundary condition for models of the 100-and 500-year floods.
5. Calculated water-surface profiles for the 100-and 500-year floods with the calibrated model. If Froude numbers exceeded 1.0 for any cross section, an upstream boundary condition (the slope of the energy gradient at this section, determined from the calibration discharge) was established and the model was rerun using the mixed flow regime. Interpolated cross sections were inserted between existing sections if the water surface varied greatly, the channel expands or contracts rapidly, or the gradient changed abruptly.
6. Computed final water-surface profiles and hydraulic variables necessary for the scour computations.
Estimation Methods for Contraction Scour, Pier Scour, Complex Pier Scour, and Pressure Scour
Estimates of scour were computed using the equations and methodology outlined in HEC-18 (Richardson and Davis, 2001) . Contraction scour was computed at all sites, pier scour was computed at crossings supported by piers, complex pier scour was computed if the foundation of the pier was wider than the pier and was exposed to the flow, and pressure scour was computed at locations where a modeled water-surface elevation intersected the bridge structure. Abutment scour was not evaluated because of the large computational uncertainties and because most abutments on Alaskan bridges are armored with riprap to inhibit scour (Heinrichs and others, 2001 ). Flow widths, depths, and velocities were calculated with HEC-RAS and were used to compute the scour estimates for the 100-and 500-year floods. The reference surface for all calculations was the streambed elevation at the bridge determined from the asbuilt survey plans.
Contraction Scour
Contraction scour at the bridges in this study was evaluated with the live-bed contraction-scour equation. Under live-bed conditions, contraction scour in the bridge section reaches a maximum when sediment transport into the contracted section equals sediment transport out or when the mean velocity equals the critical velocity of the mean-diameter bed material. This equilibrium is reached when the transport capacity in the contracted section decreases because of increasing channel area and the attendant decrease in flow velocity. At constrictions that result from bridge crossings, cross-section width generally cannot increase, so channel area is increased by degradation of the channel. The equation recommended in HEC-18 (Richardson and Davis, 2001 ) for estimating live-bed contraction scour is a modified version of an equation developed by Laursen (1960) that simplifies sediment transport functions to balance sediment transport through to contracted section with sediment transport through the approach section.
where y s is the contraction scour depth, in feet; y 1 is the average depth in the upstream main channel, in feet; y 0 is the existing depth in contracted section before scour, in feet;
Q 1 is the discharge in the main channel of the approach section that is transporting sediment, in cubic feet per second; Q 2 is the discharge in the contracted section, in cubic feet per second; W 1 is the width of the main channel of the approach section that is transporting sediment, in feet; W 2 is the width of the main channel in the contracted section that is transporting sediment, in feet; and k 1 is a coefficient that accounts for the method of sediment transport. For this study, transport at all sites is assumed to be mostly in contact with bed material and the coefficient for this condition is 0.59.
The estimated contraction scour depth in equation 1 (y s ) is the difference between the maximum flow depth in the contracted section after scour has occurred and the flow depth that existed prior to any scour (y 0 ). Estimation of y 0 is difficult because the channel geometry in the contracted section at the time of the study likely had already been modified by contraction scour. The channel depth in the approach section (y 1 ) can be used as an approximation of y 0 , based on the assumption that channel depth in the uncontracted approach section is a good representation of channel depth in the bridge section before any contraction scour occurred. The equation used to estimate contraction scour for this study and for the Phase 1 analysis is
where all terms have been previously defined. The approach section used in the contraction-scour equation was located at least one bridge-opening width upstream of the bridge. If the channel contraction begins upstream of this cross section, the next upstream section that is above the constriction was used in the computation.
Pier Scour
Estimates of pier scour depend on the flow characteristics directly upstream of the bridge pier, the characteristics of the bed material, and the geometry of the pier and its footing. The equation recommended in HEC-18 for pier scour includes correction factors for pier shape, channel-flow angle of attack, bed configuration, and the armoring effect of large-size bed material. The pier-scour equation is described in detail in HEC-18 (Richardson and Davis, 2001) and is summarized here. The equation for local scour at a pier is
where y s is the pier scour depth, in feet; K 1 is the correction factor for pier nose shape; K 2 is the correction factor for channel-flow angle of attack; K 3 is the correction factor for channel bed form; K 4 is the correction factor for armoring of bed material; a is the pier width, in feet; y 1 is the flow depth directly upstream of the pier in feet; and Fr 1 is the Froude number just upstream from the pier.
For round-nosed piers that are aligned with the flow, scour is limited to 2.4 times the pier width for Froude numbers less than 0.80 and 3.0 times the pier width for Froude numbers equal to or in excess of 0.80 (Richardson and Davis, 2001 ). The correction factor for channel-flow angle of attack, K 2 , can be computed with
where L is the length of the pier along the direction of flow, in feet; q is the channel-flow angle of attack, in degrees; and all other terms are previously defined.
The correction factors for channel bedform and armoring of the bed material were constant for the sites used in this study. The correction factor for channel bedform, K 3 , is 1.1 for bedforms with a magnitude less than 10 ft. This condition was assumed to exist at all locations in this study. The correction factor for armoring of the bed, K 4 , is applied when the median diameter of the bed material is greater than 0.006 ft. This correction decreases the estimation of pier scour to account for armoring of the scour hole by large bed material. This condition could occur at some locations in this study, but grain-size estimations for this study were not accurate enough to apply this correction factor. Not applying this factor to locations where bed material armors scour holes will result in a more conservative estimate (overestimate) of scour. For this study, equation 4 was reduced to
where all terms have been previously defined.
Complex Pier Scour
Local scour at a pier is affected by the pier's foundation if the foundation is wider than the pier and is exposed to the flow. For situations where the footing is located at or below the streambed, the footing can limit local scour at the pier by disrupting the flow vortices induced by the pier (Parola and others, 1996; Melville and Coleman, 2000) . When the footing is exposed to the flow, it can induce vortices that will cause scour in front of and along side of the foundation (Parola and others, 1996; Melville and Coleman, 2000) .
HEC-18 recommends independent calculation of scour for the pier stem, the pier foundation, and any piles supporting the foundation. These scour components are then summed to determine complex pier scour. Estimates of complex pier scour were made at sites with observed exposed footings and for sites where the streambed elevation was lower than the top of the footing after estimated contraction scour for the 100-and 500-year floods was subtracted from the lowest point in the asbuilt cross section. For this study, scour was estimated for the pier and foundation components, but not for the pile-group component. Computing the pile-group component was unnecessary for the sites in this study because either the pile group was not exposed by the estimated contraction scour or the foundation is surrounded by sheet piling. The equation recommended by HEC-18 for the pier-stem scour component of complex scour is similar to equation 5 and is expressed as follows.
where y s pier is the scour component of the pier stem, in feet; K h pier is a coefficient to account for the height of the pier base above the bed and the shielding affect of the footing; and all other terms are previously defined.
The equation to determine K h pier is
where f is the distance between front edge of the pier foundation and pier stem, in feet; h 1 is the height of the pier base above the bed, in feet; and all other terms are previously defined.
The scour estimation for the pier foundation treats the foundation like a short, wide pier and uses equation 5, but the exposed footing height is used for flow depth and the approach velocity is the average velocity in the segment of flow intersecting the foundation. The average velocity in the water column intersecting the foundation is estimated by
where V f is the average velocity in the segment of flow intersecting the foundation, in feet per second; V 2 is V 1 (y 1 y 2 -1 ), the average adjusted velocity upstream of the pier, in feet per second; V 1 is the approach velocity, in feet per second, and y 1 is the approach flow depth, in feet; y f is h 1 + 0.5 (y s pier ), the distance from the bed to the top of the footing after contraction scour and pier scour, in feet; K s is the D 84 (the particle size for which 84 percent are finer by weight) of the bed material, in feet (default of 0.16 ft for this study); and y 2 is y 1 + 0.5 (y s pier ), the adjusted flow depth upstream of the pier including contraction scour and one-half of the pier stem scour, in feet;
The equation to estimate scour for the foundation is
where y s found is the scour component for the pier foundation exposed to the flow, in feet; g is the constant for acceleration due to gravity, in feet per second squared; and all other terms are previously defined.
Complex pier scour is then the sum of the pier-stem component and the pier-foundation component y s found y s pier y s found + = ,
( 1 0 ) where y cps is the total scour depth of the pier stem and its foundation, in feet; and all other terms have been previously defined.
Pressure Scour
Free-surface flow changes to pressure-flow conditions when rising floodwaters intersect or submerge the bridge deck, resulting in an additional component of scour. This term, pressure scour, is evaluated using an equation developed by Arneson and Abt (1999) for live-bed conditions. The equation is y ps y 1 5.08
where y ps is the depth of scour resulting from the pressure flow condition, in feet; H b is the distance from the bridge low steel to the average streambed elevation before scour, in feet; V a is the average velocity inside the bridge before scour, in feet per second; and V c is the incipient motion velocity of the D 50 of the bed material, in feet per second. 
where D 50 is the particle size for which 50 percent are finer by weight; and all other terms are previously defined.
Under pressure-flow conditions, the magnitude of pier scour is approximately the same as it is under free-surface flow conditions (Jones and others, 1999) . Pressure-flow scour is computed after lateral contraction scour is estimated (Arneson and Abt, 1999) . For this study, contraction scour was evaluated independent of the pressure flow conditions by modeling the flood flows without a bridge deck for the flows to intersect. The contraction scour that occurred under this condition was then subtracted from the cross sections at the bridge. The bridge deck then was included in another hydraulic simulation with the modified cross sections at the bridge to evaluate pressure scour after the contraction scour had occurred. Total scour at pressure-flow sites is then the sum of the local pier scour, the contraction scour, and the pressure scour calculated using equation 11 (Arneson and Abt, 1999) .
Hydraulic Modeling Results and Evaluation
The hydraulic models were constructed and calibrated with existing information and with data collected at the time of the field visit. The hydraulic parameters used to generate the surface-water models and the hydraulic data needed for the computation of scour are presented in tables 4-8 (at back of report). The calibrated models then were extrapolated to accommodate the 100-and 500-year flood flows. Simulations of large flood flows with models calibrated to smaller discharges can result in hydraulic inaccuracies.
The magnitude of the 100-and 500-year discharges and the geometry of the bridge openings can create scenarios that are difficult to model with HEC-RAS or other programs. Supercritical flow, velocities in excess of 10 ft/s, hydraulic jumps, and pressure flow are conditions found at many sites in this study that can vary three-dimensionally in both time and length scales. For highly varied flow, the one-dimensional modeling solution averages the momentum equation over the channel instead of computing the velocity at each point. The velocity at a pier could be greater or less than this averaged velocity. One-dimensional models capture a small portion of the active processes in the channel, but are efficient at making predictions over long length and time scales (Nelson and others, 2003) . The hydraulic variables generated by HEC-RAS for adverse flow conditions are considered the best available for this level of study, and multi-dimensional modeling should be considered for additional studies at locations with large estimates of scour and complex flow regimes.
Insufficient channel-geometry data limits the accuracy of hydraulic data. Most of the Phase 1.5 sites lack channelgeometry data upstream and downstream of the bridge and rely on templating, or copying, and expanding the surveyed bridge section on the basis of field observations and channel slope or information from the ADOT&PF bridge as-built plans. Data available from the bridge as-built plans vary from site to site and were limited in upstream and downstream extent from the bridge. Copying cross sections from the bridge data is particularly inadequate for sites where the channel is constricted significantly by the roadway approaches to the bridge. The depth of the channel at the bridge section will be greater than that in the approach and exit sections, and copying this section through the reach results in an over-estimation of channel area and overall lower modeled water surfaces and flow velocities. For many locations, cross-section end points were extended vertically because the as-built plans did not include overbank topography. This procedure accommodated the recurrence-interval discharges within the channel, but resulted in a greater amount of effective flow in the channel.
For sites with significant channel contraction or overbank flow, the Phase 2 analysis is more appropriate than the Phase 1.5 analysis because it includes approach, exit, and overbank channel geometries.
The extent of geometric data available was a limiting factor for models of pressure flow. The bridge section surveyed for the Phase 1.5 sites rarely extended laterally beyond the bridge itself. Without these data, flow over the roadway approaches to the bridge could not be modeled and all discharge was routed through the bridge section. If the roadway approaches were lower than the bridge deck, enough discharge could pass over this area to limit or eliminate pressure flow. Phase 1.5 pressure-flow sites would be better evaluated with the addition of detailed hydraulic cross sections and roadway geometry.
Hydraulic models are sensitive to the value selected for channel roughness. An overestimate of roughness will produce models with lower flow velocities, higher water-surface elevations, and greater flow widths than may occur naturally. Roughness values used in the hydraulic models for this study were calibrated to measured data when possible, rather than relying on estimation procedures. Roughness values were calibrated for the discharge at the time of the survey and used for the simulations of the 100-and 500-year flood flows. Calibration discharge at 25 of the Phase 1.5 sites and 15 of the Phase 2 sites was less than 25 percent of the 100-year discharge. Calibration of channel roughness to these low discharges for the flood models was likely an overestimation because channel roughness normally decreases with increasing depth. In many cases, flow in the overbanks, where the roughness is generally higher, compensates for the decreased roughness in the channel that results from the greater flow depths. For braided channels, the flow tends to expand rather than deepen and roughness values do not decrease, except through constricting bridge sections. To determine the sensitivity of pier and contraction scour computations to the value computed for channel roughness, six sites were selected for additional hydraulic modeling. These sites had Manning's roughness values ranging from 0.045 to 0.080 and were calibrated to discharges less than 20 percent of the 100-year discharge. The hydraulic models for these six sites were rerun with a Manning's roughness of 0.035, which was the default value used in the Phase 1 analysis (Heinrichs and others, 2001 ). The hydraulic variables from these simulations were then used to recalculate pier and contraction scour. The hydraulic variables and resulting computed values for pier and contraction scour for the original simulations using the calibrated roughness values and those from the second simulations using the default roughness of 0.035 are presented in table 2. 
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Decreasing the channel roughness from the calibrated value to the default estimate had an equal influence on all the hydraulic variables used in the computation of live-bed contraction scour. For example, a decrease in flow depth was accompanied by a decrease in approach channel width. Sensitivity analysis of equation 2 shows that all variables have a moderate to significant influence on the contraction scour depth (Glenn, 1994) . Therefore, the accuracy of the channel roughness was not critical to the computation of contraction scour at most sites. However, the geometry of the approach channel at some locations may have limited changes in the approach width. Under these conditions, the approach depth, rather than the approach width was more responsive to variance in channel roughness, and the computation of contraction scour was affected.
The computation of pier scour was more responsive than the computation of contraction scour to variances in channel roughness. Flow depth upstream of the pier and the Froude number at the bridge were sensitive to changes in roughness, whereas most of the other variables in equation 5 remained constant. The Froude number was used in equation 5 to represent the approach flow velocity, which increased with decreased channel roughness. Sensitivity analysis of equation 5 indicated that the approach velocity's influence on pier scour was second only to pier width, which was a constant for most scenarios (Glenn, 1994) . Decreasing channel roughness increased pier scour by as much as 20 and 23 percent for bridges 543 and 742, respectively, and by less than 10 percent for the other four sites (table 2).
Phase 1.5 and Phase 2 Analyses and Evaluation
Scour depth was computed for contraction scour, pier scour, pressure scour, and complex pier scour for 100-and 500-year floods at 35 Phase 1.5 and 19 Phase 2 bridge sites. Computed scour depths are summarized in table 3 and complete calculations are included in tables 5-8 (at back of report). Computed contraction and pier-scour depths greater than 5 and 10 ft, respectively, were used as criteria to identify Phase 1 bridges for further analysis. Computed contraction scour depths for Phase 1.5 and Phase 2 sites were greater than 5.0 ft at six sites for the 100-year discharge. Computed pierscour depths were greater than 10.0 ft for the 100-year discharge at 23 bridges. Complex pier-scour depth was computed for six sites where the pier-footing elevation was above the lowest streambed elevation after the contractionscour calculations. Pressure scour was evaluated at 10 bridges, but pressure-flow conditions persisted at only three sites after contraction-scour depths were accounted for. Total maximum scour at a bridge in this study was the summation of the contraction and pier-scour depths. For pressure-flow sites, the pressure-scour depth was added to the contraction and pierscour depths. When the pier footing is exposed to the flow, the complex pier-scour depth should be used in place of the pierscour depth.
Potential scour at bridges is estimated using equations derived mainly from simplified studies in laboratory flumes. The applicability of these equations to actual conditions is limited. The scour estimates tend to be conservative when compared with the limited field measurements of scour that have been made. Mueller (1996) compared predictions from the pier-scour equations recommended in HEC-18 with field data and concluded that the scour estimates rarely underpredicted measured scour depths. In a study of measured versus predicted pier scour in New Hampshire, Boehmler and Olimpio (2000) also found that the HEC-18 equations consistently over-predicted scour. In a study of streambed scour at bridges in Alaska, Norman (1975) found that equation 2 is a good estimate of contraction scour at streams with gravel or cobble beds. Results from a comparison of measured and calculated scour depths for two bridges on the Copper River in Alaska by Brabets (1994) varied. Equation 3 provided the closest value to measured pier scour at one bridge and underpredicted scour by 25 percent at the other bridge (Brabets, 1994) . Results from a comparison of measured and predicted contraction scour for the Copper River study also varied. Equation 2 over-predicted scour at the first bridge by 3.4 ft and at the second bridge by only 0.5 ft (Brabets, 1994) .
The effectiveness of the contraction-scour predictions for the Phase 1.5 analysis was limited by the lack of channel and overbank data at the approach to the bridges. Channel widths typically were estimated in the field or from the bridge as-built plans rather than being surveyed. Estimating approach-channel widths from bridge as-built plans can be insufficient to predict contraction scour accurately. Even with a recent and accurate bridge plan it is difficult to accurately delimit the portion of the channel that is actively transporting sediment. Limited or no overbank data in the approach to the bridge resulted in modeled discharges and depths larger than what would be expected for actual conditions where some portion of the flow would extend beyond the main channel. Channel and overbank data in the approach to the bridge that are required for an accurate estimate of contraction scour using the methodology recommended by HEC-18 were collected for the Phase 2 analysis.
Uncertainty in roughness values and channel-flow angle of attack on piers at high flows influenced the computation of local scour at piers or the Phase 1.5 and Phase 2 analyses. Based on the sensitivity analysis of pier scour to changes in channel roughness (table 2) and the comparisons of measured to calculated values discussed previously, uncertainty in channel-roughness estimates for higher discharges will produce a result that is within the resolution of equation 5. Channel-flow angle of attack was a significant factor in the calculation of pier scour and varied with changes in stage and flow conditions. Changes in channel-flow angle of attack could not be determined without field verification at higher stages or multi-dimensional flow modeling. Estimates of channel-flow angle of attack for each site were based on the measured value and the channel morphology upstream of the bridge that would control the angle at higher discharges.
Estimates of complex pier scour were made for sites where the footing elevation was above the streambed after the computed contraction scour for the 100-and 500-year floods was subtracted from the lowest point on the as-built cross section at the bridge. Identifying complex scour sites by this method was a conservative approach for locations where the thalweg was not located near a pier and channel migration was not of concern. The complex pier-scour estimate, rather than the normal pier-scour estimate, should be used at the sites in table 3 unless the thalweg is not in proximity to bridge piers and long-term observation indicates channel stability. Limited research has been done on the vertical contraction scour that results from full or partial submergence of a bridge. Arneson and Abt (1999) have conducted the most extensive study to date of pressure-flow scour under live-bed conditions, and their equation is recommended in the current edition of HEC-18. Contraction scour and pressure scour were evaluated independently because submergence of the bridge structure impedes the flow and can create additional backwater at the bridge constriction. This backwater can reduce the approach velocities below the critical velocity of the bed material required for contraction scour. Contraction scour will occur up to a point, until the flow changes to pressure flow and backwater conditions develop. Evaluating contraction scour independently, and then modifying the channel to reflect the scour, eliminated modeled pressure-flow conditions at several bridges. Calculations of pressure scour are summarized in table 7 for the three sites where pressure-flow conditions persisted after the channel area was increased to reflect the contraction scour.
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Comparison of Phase 1.5 and 2 Analyses with Phase 1 Analysis
The Phase 1 analysis was a rapid, cost-effective assessment of scour susceptibility using existing data. The quality of this assessment was based on the quantity and accuracy of data from the bridge as-built plans and other sources. Most bridges in this study were built across dynamic channels that could be aggrading, degrading, and migrating laterally. These changes in the channel can be a response to the change in hydraulics caused by the bridge structure or to more long-term adjustments that could be related to tectonics or changes in flow regime or sediment supply. The lowest elevation from the as-built bridge survey for the streambed at the bridge was compared with the elevation measured during the site investigation for the Phase 1.5 and Phase 2 analyses, and the change in elevation is shown in figure 2. 100-year 500-year 100-year 500-year 100-year 500-year 100-year 500-year 100-year 500-year Figure 2 . Change in streambed elevation at bridge between the lowest elevation streambed from the as-built bridge survey and the elevation measured for the Phase 1.5 or Phase 2 for selected bridge sites in Alaska. Discharge at the time of measurement is shown as percentage of the 100-year recurrence-interval discharge. Five locations that were not resurveyed for the Phase 1.5 analysis are not shown.
The discharge measured during the Phase 1.5 or Phase 2 analysis is included on figure 2 as a percentage of the 100-year recurrence-interval flood discharge to illustrate that the measured elevation used in this study may not have necessarily been obtained during a high flow event. A general degradation in channel depth can be seen for most sites. Determining the process behind the degradation was beyond the scope of this study, but these data confirm the dynamic nature of these channels. Scour values presented in this study were in reference to the streambed elevation from the as-built plans and did not take into consideration the channel changes measured during the Phase 1.5 or Phase 2 analyses.
Comparison of Hydraulic Models
Hydraulic variables used in the scour computations for the Phase 1 analysis were calculated using the step-backwater water-surface profile (WSPRO) model (Shearman, 1990) . WSPRO is a water-surface profile computational model for one-dimensional, gradually varied, steady flow in open channels. WSPRO and HEC-RAS are both sufficient for determining hydraulic variables for subcritical flow and flow that does not intersect the bridge structure. In situations where the flow is supercritical, changes to supercritical through the reach, or intersects the bridge structure, HEC-RAS provides a more rigorous hydraulic analysis with multiple methods for determining water-surface profiles.
Comparison of HEC-RAS and WSPRO outputs for a site is difficult because the data used to construct the models are not at the same level of detail. The hydraulic parameters used to construct the models can be compared. Comparison of the estimated channel-roughness values for the Phase 1.5 analysis and calibrated channel-roughness values for the Phase 2 analysis with values from Phase 1 (either an assumed channel roughness of 0.035 or a value estimated from existing information) indicated an average increase from the Phase 1 values (fig. 3) . The surveyed channel slopes used for the Phase 1.5 and Phase 2 analyses were compared with the slope estimated from 1:63,000 topographic maps and used to copy cross sections for Phase 1, and the changes varied greatly (fig. 3) . The variation in surveyed slope values when compared to those measured from topographic maps illustrated the importance of this field measurement for accurate templating of channel geometry and determination of roughness coefficients using the Manning's equation.
Model output and detail of data used to generate it can be compared generally by evaluating the modeled Froude number at the bridge for the different levels of analysis. The magnitude of the Froude number was affected by channel slope, roughness values, and method used to compute the watersurface profile. The Froude values for Phase 1 and Phase 1.5 analyses were in good agreement for values less than 0.5, but the variance increased for higher Froude values (fig. 4) . (Modeled Froude values for the Phase 1.5 and Phase 2 analyses did not exceed 1.0.) Several of the outliers on figure 4 were locations with modeled pressure flow that were evaluated under a different procedure for the Phase 1.5 analysis. The Froude values for Phase 2 showed less agreement with those from the Phase 1 models, but generally tended to be lower numbers that were attributed to the increased channel roughness values selected for the Phase 2 analyses (fig. 5 ).
Contraction Scour
The validity of the contraction-scour depths determined in the Phase 1 analysis was limited by the extent, availability, and age of channel and overbank data for the approach section of the river. This computation was improved for the Phase 1.5 analysis by including field estimation of approach-channel widths and for the Phase 2 analysis by including surveys of the approach channel. Comparison of the approach widths for the Phase 1 analysis and the Phase 1.5 and 2 analyses showed a general increase in the widths in the later analyses ( fig. 6) .
At several sites, contraction-scour depths for the 100-and 500-year flood discharges computed for the Phase 1 and Phase 1.5 analyses differed greatly ( fig. 7) . The following three factors, determined through a sensitivity analysis of input variables, accounted for the difference in computed scour between the analyses.
1. Channel geometry in the approach: Increases or decreases in the Phase 1.5 modeled flow width in the approach channel or bridge section explained the differences in computed scour for most of the sites ( fig. 7 ).
2. Channel geometry at the bridge: Changes in the modeled bridge-section width reflect measured channel aggradation or degradation in the bridge section since the time of the survey for the bridge as-built plans.
3. Pressure flow: Procedures by which the sites with pressure-flow conditions were evaluated explain differences in computed scour at some sites. Contraction scour was not evaluated independent of the pressureflow conditions for the Phase 1 analysis, and the values were based on the backwater conditions that develop when the flow intersects the bridge.
The difference in scour values at one site was attributed to a three-fold increase in the measured slope of the channel and resultant change in hydraulic variables. Bridges that have estimated scour-depth values in excess of 5 ft for the Phase 1 or 1.5 level analyses would be better evaluated with the inclusion of detailed hydraulic cross sections. Detailed hydraulic cross sections would also improve simulations of pressure flow for Phase 1.5 sites.
The field measurement of the approach-channel geometry in the Phase 2 models resulted in the most significant differences in contraction-scour depth relative to Phase 1 models. Phase 1 contraction scour was overestimated when the Phase 2 data indicated the approach channel was narrower than the geometry determined from the as-built bridge plans. Phase 1 contraction scour was overestimated at one site when the Phase 2 data indicated the channel roughness was lower than the Phase 1 value ( fig. 8) . Results from the Phase 2 contraction scour computations generally were lower at sites where the Phase 1 estimate of scour was greater than 4.0 ft.
Pier Scour
The estimation of pier scour by equation 5 was computed using hydraulic variables from HEC-RAS and pier dimensions, pier shape, and the channel-flow angle of attack. The pier dimensions and shape are consistent for a site for the different levels of analysis, the exception being sites where further investigation indicated a need to model a group of piers as one solid pier or vice versa. The hydraulic variables flow depth and Froude number can be used to show a difference between the levels of analysis based upon the hydraulic parameters used to generate the model. For the Phase 1 analysis, the channel-flow angle of attack that was estimated from the as-built plans was measured in the field for the Phase 1.5 and 2 analyses. Comparison of contraction-scour depths computed by Phase 1 and Phase 1.5 analyses for the 100-year and 500-year recurrence-interval discharge and factor responsible for the difference in scour depths for selected bridge sites in Alaska.
Figure 8.
Comparison of contraction-scour depths computed by Phase 1 and Phase 2 analyses for the 100-year and 500-year recurrence-interval discharges and factor responsible for the difference in scour depths for selected bridge sites in Alaska.
Comparisons of pier-scour depths for the 100-and 500-year discharges for the Phase 1 and Phase 1.5 analyses are shown in figure 9 and for the Phase 1 and Phase 2 analyses in figure 10 . There was a positive association between the levels of analysis, with a few outliers. Sensitivity analysis on these outliers determined that angle of attack, Froude number, and pier shape were responsible for the variance in the scour-depth values between the levels of analysis.
The channel-flow angle of attack at a bridge accounted for most of the difference between scour values for the different levels of analysis in this study (figs. 9 and 10). Increases or decreases from the angle used for the Phase 1 study can be attributed to a better measure of the value from field observations and also to migration of the channel since the asbuilt survey of the bridge. Field verification, preferably at high flow, was critical for an accurate estimate of angle of attack. The Phase 1 analysis used dated survey plans that do not reflect the current flow conditions at sites with dynamic channels. Figure 9 . Comparison of pier-scour depths computed by Phase 1 and Phase 1.5 analyses for the 100-year and 500-year recurrence-interval discharges and factor responsible for the difference in scour depths for selected bridge sites in Alaska. Figure 10 . Comparison of pier-scour computed by Phase 1 and Phase 2 analyses for the 100-year and 500-year recurrence-interval discharges and factor responsible for the difference in scour depths for selected bridge sites in Alaska.
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Summary and Conclusions
The U.S. Geological Survey began studying the scour susceptibility of bridges in Alaska in 1994. The initial phase of this project used existing data to perform a preliminary Phase 1 scour assessment at 325 bridges. Based on these assessments, the Alaska Department of Transportation and Public Facilities (ADOT&PF) selected 54 bridges for further analysis. These analyses included on-site inspection and collection of detailed hydraulic cross sections. The bridges were evaluated at either the Phase 1.5 or Phase 2 level analysis. Division into these two groups was based on the magnitude of measured scour and the calculated scour depths from Phase 1. The Hydrologic Engineering Center's River Analysis System (HEC-RAS) was used to calculate the hydraulic variables needed to compute estimates of scour for 100-and 500-year recurrence-interval flood discharges. Contraction scour, pier scour, complex pier scour, and pressure scour were calculated using federally recommended techniques and equations outlined in the Federal Highway Administration's Hydraulic Engineering Circular No. 18 (HEC-18).
The less-intensive Phase 1.5 analysis was completed at 35 of the 54 bridges. Data collection included a discharge measurement, water-surface slope survey, verification of the channel-flow angle of attack, and estimation of the approachchannel width. Computed contraction scour depths for the 100-year flood discharge were greater than 5 feet for four bridges and pier-scour depths were greater than 10 feet for 16 bridges.
The Phase 2 analysis was performed at 19 bridges. Data collection for the Phase 2 analysis was analogous to the Phase 1.5, with the addition of detailed hydraulic cross sections surveyed upstream and downstream of the bridge. Computed contraction-scour depths from the 100-year flood discharge were greater than 5 feet at two bridges and pier-scour depths were greater than 10 feet at seven bridges.
Comparing the analysis methodologies and results of the Phase 1.5 and Phase 2 analyses highlighted the effectiveness and weakness of each phase of scour analysis. Estimation, rather than field surveys, of the approach channel width limited the validity of the Phase 1.5 contraction-scour computation. Phase 1.5 analyses at bridges with modeled pressure flow lack sufficient hydraulic cross-section data for an accurate representation of flow hydraulics. The Phase 2 analysis would be more appropriate at locations with contracted openings and modeled pressure flow. Most channel-roughness values for both levels of analysis were calibrated to discharges less than the 100-and 500-year floods. Contraction and pier scour were evaluated for sensitivity to this variable. At selected bridges, there was little resultant change in the contraction scour depths and the change in the pier-scour depths was within the resolution of the pier-scour equation. Locations where an increase or decrease to the channel-flow angle of attack will result in significant change in pier scour should be visited at high flow or considered for multi-dimensional flow analysis. Supercritical flow, velocities in excess of 10 feet per second, hydraulic jumps, and pressure flow are conditions found at many sites in this study and are subject to multi-dimensional variation in both time and length scales. A more accurate simulation of these adverse flow conditions would be provided by a multi-dimensional flow model.
Because field measurements were made at the sites for the Phase 1.5 and 2 analyses, the results of these analyses were useful in evaluating the effectiveness and limitations of the Phase 1 analysis. Estimated channel-roughness values for the Phase 1.5 analyses and calibrated channel-roughness values for the Phase 2 analyses were on the average larger than those used for the Phase 1 study. The surveyed channel slopes both increased and decreased when compared with the slopes measured from topographic maps for the Phase 1 analysis. The differences in slope and roughness values were reflected in the general lack of agreement between modeled Froude numbers. Sensitivity analysis of the contraction-scour equation determined that changes in the approach-channel geometry were responsible for most major differences in scour depths between the levels of analysis. Contraction scour for locations that had modeled pressure flow was computed for Phase 1 using a procedure different from the subsequent analyses, and the results cannot be compared. The Phase 2 contraction-scour depths, which include more data than the Phase 1.5, generally were less than the Phase 1 depths. Pier-scour depths for Phase 1.5 were either larger or smaller than those for the Phase 1 analysis. Most of the inconsistencies were explained by an increase or decrease in the channel-flow angle of attack used in the computation. Most of the sites in the Phase 1.5 analysis were selected because the existing estimates of channel-flow angle of attack were either high or were unsupported. Pierscour depths at locations selected for Phase 2 analysis generally were less than the values computed for the Phase 1 analysis.
The Phase 1 analysis was a cost-effective preliminary assessment of both pier and contraction scour that was used to select bridges for site investigation. The Phase 1.5 analysis was sufficient for most estimates of pier scour, but should not have been considered adequate at sites with significant channel contractions through the bridge. The Phase 2 analysis provided the best estimate of one-dimensional scour analysis using HEC-18 equations. Scour depths summarized in this report are being used by ADOT&PF to focus monitoring efforts and emplacement of countermeasures at river crossings in Alaska that are susceptible to scour. 
